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In the future, more and more electric vehicle (EV) batteries are connected to 
the direct current (DC) microgrid. Depending on the battery state of charge, 
the battery voltage can be higher or lower than the DC microgrid voltage. A 
converter that is aimed to fulfil such function must be capable of working in 
both charging and discharging regardless the voltage level of the battery and 


DC microgrid. Battery performance degradation due to ripple current 

entering the battery is also a concern. In this paper, a converter that can 
Keywords: minimize ripple current that entering battery and operate in two power-flow 
directions regardless of battery and DC microgrid voltage level is presented. 
A current control method for this kind of converter was proposed. 
Experiment on a prototype was conducted to prove the proposed converter 
current control method. 
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1. INTRODUCTION 

Utilization of renewable energy to fill energy demand give rise to many distributed generators. 
According to conventional way of electric power transmission and distribution, these distributed generators 
must be connected first to the main grid before their produced outputs are able to be transmitted and 
distributed to various users. The problem with this approach is a large investment is required to connect these 
distributed generators to the main grid. One way to take advantage of these distributed generators, without 
having to integrate them to the main grid, is to build a microgrids near these distributed generators and 
connect them to this microgrid. Loads around the microgrid can be supplied by distributed generators without 
having to rely on the main grid to distribute the generated electricity. Since most of the electricity generated 
by renewable energy sources is in the form of direct current, direct current (DC) microgrids are a suitable 
choice for delivering electricity from these distributed generators to the local loads. Compared to an 
alternating current (AC) grid, a DC grid has several advantages such as the absence of problems with reactive 
power and synchronization [1]-[3]. 

Figure 1 shows a DC microgrid system. Various renewable energy sources, energy storage system, 
and loads is connected to the DC microgrid. The energy storage systems will absorb excess electricity 
generated by renewable energy sources and will release it back to the DC microgrid when needed. Energy 
storage systems can be in the form of batteries or electric vehicle (EV) batteries [4], [5]. 

One issue of EV batteries is their lifetime [6], [7]. Ripple current is one factor that fade battery 
capacity and increase its impedance. Variation of capacity and impedance of each cell can cause voltage 
difference between cells. Voltage difference between cells can cause heat problem because of possibility 
differential current flows from one cell to other cell [8]. Ripple currents occur from switching of power 
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electronics converter connected to the battery. Hence, reducing ripple current entering a battery is urgent. 
One way to reduce the ripple current is to employ multiphases topology of a converter [9], [10]. 

Fluctuation of DC microgrid voltage and ever-changing EV battery’s state of charge (SoC) make it 
possible for the battery voltage to be higher or lower than the DC microgrid voltage. This phenomenon, 
which is called as ‘overlapping’ in some literature [11], implies that DC-DC power converter plays an 
important role in ensuring energy transfer between EV batteries and DC microgrid happens [12]. Various 
converter topology for aiding in bidirectional energy transfer between battery and DC microgrid has been 
reviewed in [13] but none of them concerned about overlapping phenomenon. Converter that can facilitate 
power exchange between EV battery and DC microgrid under possibilities of overlapping condition has been 
proposed in [11], [14]-[16] but this converter still doesn’t address the current ripple problem. The converter 
proposed by [17]-[19] can work in both direction and when either the battery voltage is higher or lower than 
DC microgrid voltage, but have non-continuous current so the ripple current is still large. 

In this paper, the proposed converter, and its control strategy for interfacing battery between DC 
microgrid and battery is explained. The proposed converter can direct power flows between battery and DC 
microgrid whether it is for charging or discharging the battery, can work regardless of the battery voltage 
level relative to the DC microgrid voltage and also has minimization mechanism for the ripple current that 
flows through battery so the battery performance will not be degraded. This paper is organized as follow: 
section | introduces about current trends in renewable energy and microgrid; section 2 describes the 
proposed converter; section 3 explains the modelling of the proposed converter and issue regarding the 
control system of the proposed converter; section 4 describes the current controller of the proposed converter; 
section 5 presents the experimental results from a prototype to demonstrate the proposed converter 
capabilities; and section 6 concludes this paper. 
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Figure 1. DC microgrid system 


2. THE PROPOSED CONVERTER 

The proposed converter is called multiphases DC-DC boost-buck converter. The proposed converter 
objective is limited to regulate the power flow between a battery and a DC microgrid and at the same time 
minimize ripple current entering the battery. The derivation of the proposed converter will be presented to 
understand how the converter came into being. Knowledge of derivation of the proposed converter also helps 
in understanding how this converter is capable to deliver its objective. Figure 2 shows 2 kinds of boost-buck 
converter. Figure 2(a) shows a single-phase DC-DC boost-buck converter. The output voltage of the 
converter under continuous conduction mode is: 


d(t) 


Vp (t) = 1-c(t) 


v(t) (1) 


where v;(t), c(t), d(t) and v,(t) is battery voltage, A-part duty cycle, B-part duty cycle, and DC microgrid 
voltage, respectively. Assuming the direction of current is as shown in Figure 2(a), A-part and 
B-part can be regarded as a boost and a buck converter. It can be seen that the DC microgrid voltage can be 
higher or lower than the battery voltage. It should be noted that the switching frequencies of A-part and 
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B-part can be different to optimize the converter efficiency. Moreover, the duty cycles of the A-part and 
B-part sides can also be different. 

Cascaded boost-buck converter in Figure 2(a) has solved bidirectional energy transfer problem but 
still does not address ripple current entering the battery. To minimize the battery and DC microgrid ripple 
current, the converter can be modified into the multiphase converter as shown in Figure 2(b) [9]. The phase 
numbers of A-part and B-part don’t need to be the same. This leaves optimization room if one wish to 
improve the efficiency of the converter. If the duty cycle of A-part is fixed, that is c(t) is kept at a constant 
value that results in zero ripple, then the B-part is the only one left with authority to control DC microgrid 
current so its duty cycle must be let to vary. On the other hand, if minimum DC microgrid ripple current is 
desired then B-part duty cycle is fixed (which means d(t) is now kept constant instead of c(t)) at a certain 
value that results in zero ripple current. This leaves A-part to control the battery current by letting its duty 
cycle c(t) to vary. 

In this paper application, it is desirable to have minimum battery ripple current, so the duty cycle of 
A-part is kept constant at a certain value that results in zero ripple and its number of phases is more than one. 
This leaves The DC microgrid current to be controlled by B-part’s duty cycle. Since the DC microgrid ripple 
current is not required to be low, a single-phase converter can assume a place in B-part. For this paper 
purpose, it is found that A-part can deliver its objective by using three phases. This leads to 1/3 or 2/3 to be 
duty cycle value that will give minimum battery ripple current. Figures 3(a) and 3(b) shows modelling of the 
proposed boost-buck converter. Figure 3(a) shows the proposed multiphase boost-buck converter. A-part’s 
task is to minimize battery ripple current, so it consists of 3 phase (m = 3) and has constant duty cycle of 
C = 1/3. This is shown in Figure 4 where each phase and the battery current are plotted. It can be seen that 
the battery current has near to zero ripple current. B-part’s task is to control the DC microgrid current and it 
consist of one phase (n=1) with varying duty cycle d(t). To further optimize the proposed converter in terms 
of weight and size, one can use the stator winding of EV traction motor as filter inductor. The EV traction 
motor type can be either synchronous, induction, or switch reluctance. Doing so will turn the proposed 
converter into ‘integrated charger’ [20], [21]. 
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Figure 2. Boost-buck converter: (a) single phase and (b) multiphase 
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Figure 3. The proposed converter (a) real circuit and (b) equivalent model 
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Figure 4. Battery current and A-part phase currents 


3. MODELLING OF THE PROPOSED CONVERTER 
Before designing the control for the proposed converter, a model of the proposed converter must be 


derived first. Some properties of the proposed converter can be exploited to simplify the model. A-part can 
be regarded as an LC filter by fact that each leg of the A-part is switched in a manner such that each leg’s 
duty cycle value is identical and is shifted by identical phase angle. The resulting simplification of the 
proposed converter is shown in Figure 3(b). The relationship between parameter in Figures 3(a) and 3(b) is 


given by (2) through (5): 


— vit) 

e(t) =" 2) 
—_ ŻA 

Las = 3a-07 (3) 
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inp = (1 — Cin) (4) 
Ries (5) 


where C is the value of constant duty cycle and equals1/3. The DC microgrid voltage is assumed to be a 
voltage source v,(t). Using state space averaging [22], The state space representation of the equivalent model 
of the proposed converter in Figure 3 is given by (6): 


Lp 2S = vy (t)d(t) — v9 (t) — ig (Ris 
Ca Tt = ias(t) — ig(t)d(t) 7 


di, f(t) y 
AP = e(t) — Vm (t) — ing (O)Riay 


Laf 


where all variables are the same as shown in Figure 3. 

The current controller will be designed based on the linearization of (6). By taking the V,,, D, E, %, 
Taf and /g as operating point or linearization point of vm(t), d(t), e(t), vo(t) and ig(t), the linearized model of 
the proposed converter is given by (7): 


; Se nn, wt ays eRe in oe 
Lp 22 = KAE) + H(t) — BCE) - GOR 
9 


aL = GA - Båt) - GOD (7) 
diay JO 
Laf a é(t) — Em (t) — aF (OR ar 


where i(t), Gt), fap(t), d(t), Galt), M(t), and é(t) are small signal of ig(t), vn(t), iapO, dW, 
Vm(t), Vo (t), and e(t) respectively. Operating point of the linearized model in (7) is obtained by calculating 
steady state value of (6) and is given by (8): 


Ip = (ED — ¥)/(Rip + D? Ris) 
= (ERs + DVRiar)/ (Ris + D? Rap) (8) 
lap = D (ERip + DVWRiar)/ (Ris + D*Rias) 


Also, note that from (2), another relationship can be derived and is shown in (9): 


E= 


(9) 


where V, is operating point of the battery. 
Control-to-current transfer function, Gia(s), is obtained by taking Laplace transform of (7) and 
solving for Ip(s) and is given by (10): 


Giq(s) = is) = 


D (s) E(s)=0,Vo(s)=0 


Vin—-DIBRiaft+(VmCaRLaf—DIBLaf)s+VmCaLafs” 
RLB+D2RLAf+(LB+D?LAf+CARLAfRLB)S+(CALafRLB+CALBRLAf)S?+LBCALAfS? 


(10) 


where Iş (s) and D(s) are Laplace transform of (t) and d(t). Battery-to-current transfer function, Gie(S), 
and DC microgrid-to-current transfer function, Gio (s), can also be obtained by similar fashion and is given 
by (11) and (12): 


aes” = 


E (s) D(s)=0,Vo(s)=0 


D 
Rupt+D?Ryart(Lpt+D?2Lart+CaRyafRip)s+(CaLafRiB+CaLpRyap)s?+LpCa Laps? 


(1) 
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Ip(s) 
Yo (s) D(s)=0,E(s)=0 


Gio (s) = 


—(14+C Laps? +CaRzafs) 
RLg+D2RL4f+(LB+D?LAf+CARLAfRLB)S+(CALAfRLB+CALBRLAf)S?+LBCALAfS? 


(12) 


Disturbance either from V, (s), D (s), or E (s) will have the similar behavior because the denominator of (10), 
(11), and (12) is same. From (10), (11), and (12), relationship between Ig (s), V,(s), D(s), and E(s) can be 
derived and is given by (13): 


IBCs) = Gig(s)D(Ss) + Gio(s)V(S) + Gie(S)E(S) (13) 


Consider the control-to-current transfer function or Gjg(s) in (10). The denominator of Gia(s) is 
responsible for the occurrence of resonance while the numerator of G;q(s) is responsible for the occurrence 
of anti-resonance. Frequency of resonance and anti-resonance of Gjg(s) depends on component and 
linearization point used to derived G;g(s). Figure 5 shows Bode plot of G;g(s) at various linearization point. 
The component parameter used to generate Figure 5 is shown in Table 1. Unless stated in the figure itself, the 
battery voltage, the DC microgrid voltage, and the B-part duty cycle is linearized at 30 V, 30 V, and 2/3 by 
default. It can be seen from each of Figures 5(a), 5(b), and 5(c) that the resonance increases when the 
linearization point diverges from aforementioned value. Such resonance can cause instability due to 
potentially reduced gain margin. Although Figure 5 only shows frequency response of Gią(s), it also 
represents the frequency response of other transfer function such as G;,(s) an G;,(s) d since the denominator 
of all those three transfer functions is identical. 
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Figure 5. Bode plot of G,q(s) at varying (a) D, (b) V,, and (c) Va 
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Table 1. Components of the proposed converter prototype 


Parameter value 
A-part Capacitor (C4) 47 uF 
A-part Inductor (L4) 4.2 mH 
B-part Inductor (Lg) 2.1 mH 


Parasitic resistance of L4 (R4) 0.44. 
Parasitic resistance of Lg (Rig) (0.22 Q 


Passive element such as resistor can be used to reduce such resonance [23]. Figure 6 shows the 
possibility of installing damping resistor on the equivalent model of the proposed converter and its 
corresponding linearized system block diagram is shown in Figure 7. One of the drawbacks of this method is 
that more losses is generated due to damping resistor presence. To stabilize the proposed converter without 
sacrifice the power efficiency, virtual resistor or active damping concept is introduced [24], [25]. The idea of 
virtual resistor is to mimic physical resistor effect through mathematical manipulation of the converter model 
so the need to install physical resistor as resonance damper is eliminated. In the case of the proposed 
converter, only one of damping resistor shown in Figure 6 is needed to be mimicked. 


d(t) 


Figure 6. Possibilities of damping resistor locations 


Virtual resistor is implemented by rearranging block diagram in Figure 7 into block diagram in 
Figure 8. The way virtual resistor is implemented is by sensing the required signal and multiply it by an 
algorithm and then the resulting product is summed with D*(s). D*(s) itself will be the same as D(s) if the 
virtual resistor is not implemented. Algorithm to mimic each damping resistor and their feedback 
requirements is summarize in Table 2. All algorithm for mimicking the damping resistor is derived under the 
assumption that parasitic components have negligible effect on the dynamics of the proposed converter 
system. 
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Figure 7. Block diagram of the proposed converter with damping resistor 
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Figure 8. Block diagram of the proposed converter with virtual damping resistor 


Table 2. Damping resistor and its virtual resistor algorithm 


Damping resistor Virtual resistor algorithm Required feedback 
r P(s) = -rı (1ts?LapCa) Ip(s) 
S) = Bosh apDip+ECaLbass 
n (s) = —DLags Vin(s) 
Q(s r2E+(ELaf-r2DIgLaf)s+r2ECaLafs? 
T3 R(s) = -Drz Igf(S) 
E-DIgr3+(ECar3—DIgLas)St+ECaL as? 
T4 S(s) = -LayD?s Vg (s) 
S) = 5 (E-Diglays+ECabays*) 
Ts T( ) = DCaLagrss Im(s) 
S) = Fy (B¢ars—Dlglap)s+(ECabay—DIgCabaprs) 
Te DLars Vaz (s) 
U(s) = Af i 


reE+(ELaf-reDIgLaf)s+rsECaLafs? 


It is necessary to control ig(t) (and in turn Ip(s)) to control the power flow of the proposed 
converter. This means a sensor is required to sense ig(t). To fully make use of this sensor, virtual r; is 
selected to damp the peak resonance magnitude because the implementation of virtual r} requires the same 
sensor that have already been used for current control of ig(t). Another advantage of mimicking rı damping 
resistor instead of other damping resistor is that the numerator of virtual r, algorithm (that is P(s), shown in 
Table 2 doesn’t contain D which means the damping effect of virtual r, won’t be affected by whatever value 
of D. Control to current transfer function of the proposed converter which include the effect of virtual 7, 
Giari(s), can be obtained by replacing D(s) in (13) with D*(s) + P(s)Jg(s) and solving for Ip(s)/D*(s). 
Giari(s) is given by (14). 


p(s) Gia(s) 
G; s)= = —— 14 
iara ) D*(s)le(s)=0,Vo(s)=0  17PCS)Gials) Ha 


Battery-to-current transfer function under influence of virtual n, Gie r1(Ss), and DC microgrid-to-current 


transfer function under influence of virtual r, G jovi 8), can also be obtained by similar fashion and is given 
by (15) and (16). 
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Similarity between denominator of (14), (15) and (16) implies virtual r} also helps in minimizing 
disturbance effect on the proposed converter. Figure 9 shows root locus of Gig;1(s) due to variation of 7. 
There are two dominant poles and one insignificant pole. To fully stabilize G;g,1(s), these dominant poles 
must be placed as far as possible from imaginary axis. The farthest dominant pole is obtained r, = 3.399 and 
is marked by red cross on Figure 9. The effect of virtual r, on the proposed converter is shown Figure 10. 
Figure 10(a) to Figure 10(c) shows bodeplot of Gig71, Gie,1, and Gjo,1. All resonance that occurs at 267 Hz 
on each of Figure 10(a) to Figure 10(c) due to effect of changing D*(s), E(s), and V,(s) is reduced when 
virtual r} implemented. This means virtual r, can reduce resonance under various disturbance presence. 
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Figure 9. Root locus of Gig; (s) 
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4. DESIGN OF THE CURRENT CONTROLLER 

The current controller must be capable of tracking the current reference I3(s) and reject any 
disturbances presents. In this paper, a simple proportional-integral (PI) current controller is used. 
Compensator for implementation of PI current controller is denoted by G,(s) and is given by (17): 


G_(s) = kp + (k;i/s) (17) 


where k,, and k; are proportional and integral constant. G,(s) itself will be tuned based on Gjq71(s) as its 
plant with rı = 3.39 Q. Figure 11 shows the current control system of the proposed converter. Here the 
output of the G(s) compensator will be summed with output of virtual resistor algorithm. This means the 
duty cycle signal entering the B-part’s switch is produced by the sum between compensator output and 
virtual resistor algorithm. 
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Figure 11. Control system and implementation of virtual resistor 


The specification of current controller will be based on gain cross over frequency and phase margin. 
The gain cross over frequency of the open loop transfer function should be lower than resonance and anti- 
resonance frequency. Based on Figure 5(a), the resonance and anti-resonance frequency is 267 Hz and 
206 Hz therefore the required gain crossover frequency will be 100 Hz. If higher gain crossover frequency is 
desired, the C4 capacitor should be smaller in value. The phase margin of the open loop transfer function is 
required to be greater than 60°. Aside from frequency domain requirements, it is also desired to have as low 
as possible current overshoot in the event of transient. Before tuning of compensator is conducted, operating 
points and components value of the proposed converter must be determined first. In this paper, the battery 
voltage, the DC microgrid voltage, and B-part duty cycle is linearized at 30 V, 30 V, and 2/3. The 
components value used for the purpose of experiment and control design is shown in Table 1. G,(s) is tuned 
such that gain crossover frequency of 100 Hz and phase margin of at least 60 ° is achieved for G,(s)Gig71(s) 
transfer function. With the help of MATLAB, k, and k; is found to be 0.05455 and 53.88449. The Bode plot 
of both compensated and uncompensated G,(s)Gjq71(s) is shown in Figure 12. Figure 13 shows the Bode 
plot of closed loop system with and without virtual resistor presence. Figures 13(a), 13(b), and 13(c) shows 
Bode plot of 15 (s) to Ip(s), E(s) to Ip(s), and V,(s) to Ip(s) transfer function. All plot in Figure 13 shows 
that virtual resistor presence reduces resonance. 
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Figure 12. Bode plot of uncompensated and compensated G,(s)Gig71(s) 
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At first, the proposed converter is simulated. Compensator used in the simulation is the same as has 
been derived in previous paragraph. To see reference tracking capabilities of the designed current controller, 
the proposed converter and its controller is simulated under a changing reference current. The reference 
current changes its value from 2 A to -2 A representing discharging and charging of the battery connected to 
this converter. Figure 14 shows simulation result of current control of the proposed converter with a changing 
reference current. Figure 14(a) shows simulation result if virtual 7,is installed and has value of r, = 3.39 Q. 
Figure 14(b) shows the simulation result if virtual r; is not installed or r, = 0. Higher overshoot observed in 
Figure 14(b) compared to Figure 14(a) shows that the virtual 7, has effects on stability of the proposed 
converter. Both Figures 14(a) and 14(b) shows the simulated proposed converter can do bidirectional energy 
transfer. To see disturbance rejection capabilities of the proposed converter, the proposed converter and its 
controller is simulated under a changing battery and DC microgrid voltage. 
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Figure 13. Bode plot of (a) I (s) to Ip(s), (b) E(s) to Ip(s), and (c) V, (s) to Ig(s) transfer function at 
different virtual r, value 


Figure 15 shows simulation result when the proposed converter is given disturbance at battery and 
DC microgrid. The upper plot in Figure 15(a) shows ig(t) and its reference while the lower plot shows 
fluctuating battery voltage v;(t). The upper plot in Figure 15(b) shows ig(t) and its reference while the 
lower plot shows fluctuating DC microgrid voltage v,(t). Virtual resistor is implemented in both 
Figures 15(a) and 15(b). iş (t) current in both Figures 15(a) and 15(b) follows its reference current despite 
disturbance presence. 
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Figure 14. Reference tracking simulation result (a) with virtual resistor and (b) without virtual resistor 
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Figure 15. Disturbance rejection simulation result when a disturbance presents at (a) DC microgrid and 
(b) battery 


5. EXPERIMENTAL RESULTS OF THE PROPOSED CONVERTER 

Experiment is conducted to see reference tracking and disturbance rejection capabilities of designed 
control system of the proposed converter. A prototype of the proposed converter used for experimental 
purpose has been manufactured. The components of the prototype are shown in Table 1. On both side of the 
prototype, a DC power supply paralleled with a 10 Q load resistor is used to simulate both battery and DC 
microgrid. Nominal voltage of both battery and DC microgrid is set to be 30 V. The microcontroller used in 
this experiment for current control is TMS320F28377D. Reference current i(t) is generated by the 
microcontroller. Switching frequency of A-part and B-part of the proposed converter is 13.33 kHz and 
6.66 kHz. The compensator used in the experiment has the same form as (17) where k, = 0.05455 and 
ki = 53.88449. The virtual resistor installed to the prototype is virtual rı and has value of r, = 3.39 Q. 

Figure 16 shows the experimental result for the reference tracking capabilities. The current reference 
alternate between 2 A and -2 A and is shown by CH2 (cyan). The actual current is shown by CH3 (red). 
Ampere/div is 1 A and Time/div is 10 ms/div. Figure 16(a) shows experimental result when virtual resistor is 
installed, and Figure 16(b) shows experimental result when virtual resistor is not installed. Both the battery 
and DC microgrid is kept at 30 V. +2 A reference current simulates when the battery is discharging and -2 A 
reference current simulates when the battery is charging. From Figure 16, actual current or ig(t) tracks its 
reference whether the the reference is +2 A or -2 A regardless virtual resistor is installed or not but the one 
with virtual resistor installed has lower overshoot. Besides reference tracking, Figure 16 also shows 
bidirectional transfer capabilities of the prototype of the proposed converter. 

Figure 17 shows the experimental result for disturbance rejection capabilities. The reference current 
is +2 A and the DC microgrid is given a disturbance. Ampere/div is 1 A/div, Volt/div is 10 V/div, and 
Time/div is 100 ms/div. The current reference of constant value is shown by CH2 (cyan). The actual current 
is shown by CH3 (red). The DC microgrid voltage is shown by CH4 (green). While the battery voltage is 
kept constant at 30 V, the DC microgrid voltage (green line, CH4) is given -10 V disturbance relative to its 
nominal voltage value. From Figure 17, the actual current is still tracking its reference despite disturbance 
presence. Although current control for the proposed converter in this paper has been designed using a simple 
PI controller, it is possible to implement a more sophisticated method such as fuzzy controller [26], [27]. 
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Figure 16. Reference tracking experimental result when (a) virtual resistor presents and (b) virtual resistor 
does not present 
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Figure 17. Experimental result when a disturbance presents at DC microgrid 


6. CONCLUSION 

The proposed converter and its current control strategy for charging and discharging of a battery 
connected to a DC microgrid with minimized battery ripple current has been presented. How the battery 
ripple current is minimized has been explained through simulation results. How to use a virtual resistor to 
damp a transient oscillation has been described. A prototype has been constructed and experiment has been 
carried out to see the current control capabilities of the proposed converter. Experimental results have shown 
the effectiveness of the current controller for the proposed converter. Effectiveness of virtual resistor in 
damping arising resonance in the proposed converter was also shown in the experiment. 
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